Microcystis aeruginosa, a unicellular cyanobacterium, contains small phycobilisomes consisting of C-phycocyanin, allophycocyanin, and linker polypeptides. SDS-polyacrylamide gels of the phycobilisomes were examined for fluorescent bands before and after spraying with a solution of ZnSO4, followed by Coomassie brilliant blue staining for protein. This procedure provides a rapid and sensitive method for detecting small amounts of phycobilincontaining polypeptides and distinguishing them from other tetrapyrrole-containing polypeptides and from 'colorless' ones. Three polypeptide bands, in addition to the a and , phycobiliprotein subunits, have been detected under these conditions. An 85 kilodalton polypeptide was identified as a phycobiliprotein due to its enhanced fluorescence in the presence of ZnSO4. The other polypeptides do not contain chromophores and are colorless. They are approximately 34.5 and 30 kilodaltons in size.
Phycobilisomes are the light harvesting complexes of cyanobacteria and red algae. They are located on the surface of thyalkoid membranes in close proximity to the photosynthetic reaction centers within the membranes, primarily to those of PSII. The phycobilisome composition of a number of organisms has been determined (3, 8, 11) . We have partially characterized the phycobilisomes of the unicellular ecologically important bloom forming cyanobacterium, Microcystis aeruginosa. The phycobilisomes are small (3 x 106d), consisting of PC2 and APC in a 12:9 PC hexamer:APC trimer molar ratio (7) .
The complete polypeptide profile of the phycobilisomes was obtained by SDS-PAGE followed by Coomassie brilliant blue staining. The phycobiliprotein subunits were observed as blue bands on unstained gels. Coomassie brilliant blue staining revealed numerous minor polypeptide bands, in addition to the major phycobiliprotein bands. We were interested in determining which of these were 'colorless' linker polypeptides involved in phycobilisome assembly. Bands representing artifacts due to proteolytic degradation were minimized by using proteolytic enzyme inhibitors in the isolation procedures. Continued variability in the number of polypeptide ' This research was supported by a grant from the City University of New York PSC-CUNY Research Award Program.
2Abbreviations: PC, phycocyanin; APC, allophycocyanin; BMSH, fl-mercaptoethanol; NaN3, sodium azide; (NH4)2SO4, ammonium sulfate; KPi, potassium phosphate buffer.
bands on different gels might be accounted for by aggregated phycobiliprotein subunits present in small amounts on gels. The probability of aggregation was lessened by boiling the dissociated phycobilisomes in the presence of SDS and BMSH before applying the samples to the gels. However, the high phycobilisome concentration used to characterize the linker polypeptide composition (approximately 15% of the phycobilisome [3] ) led to the possibility of some residual aggregated phycobiliproteins. We were therefore interested in developing a method that would (a) distinguish between colorless linker polypeptides and aggregated phycobiliproteins on gels and (b) distinguish between colorless linkers and phycobilin-containing ones such as the anchor polypeptide (8) .
Early reports in the literature (5) have shown that some bilins complexed with zinc ions are fluorescent when excited with ultraviolet radiation. This is also true for bilins complexed to denatured proteins. Although denaturation results in a decreased absorption and a quenching of fluorescence in the visible spectrum, the UV absorption of biliproteins is enhanced by denaturation. Denaturation also appears to make the chromophore more accessible for interaction with zinc ions (2, 5) . We have observed that the fluorescence intensity of bilin-containing polypeptides on SDS-polyacrylamide gels is greatly enhanced when sprayed with an aqueous solution of ZnSO4. This allows us to detect minor bilincontaining polypeptides on gels by their enhanced fluorescence in the presence of zinc ions. In Intact phycobilisomes of Microcystis aeruginosa were isolated and purified as described previously (7, 10) with the addition of 0.02% sodium azide (NaN3) and 1 mM PMSF to all buffers. Phycobilisomes purified by Sepharose CL-4B gel chromatography were precipitated with 1.5 M KPi buffer (pH 6.8). Dissociated phycobilisomes were obtained by dialysis versus H20 containing 1 mM PMSF for 4 h, at 4°C. PC was purified as described previously (7) by precipitation of dissociated phycobilisomes with 35% (NH4)2SO4 and gel filtration chromtography on Sephacryl S-300.
SDS-PAGE
SDS-PAGE was carried out using 14% polyacrylamide gels. Dialyzed phycobilisome samples were diluted to a concentration of 0.5 to 1 mg/mL protein in Laemmli's sample buffer (4) and boiled for 5 min unless otherwise indicated. Chl a, Cyt c, 13-carotene, hemoglobin, and PC were prepared for SDS-PAGE as described for dissociated phycobilisomes.
UV-Induced Fluorescence Emission
Fluorescence of chromophore-containing bands was detected by placing gels on a 302 or 365 nm exciting UV transilluminator. The fluorescence was recorded on Polaroid Land film, type 57, using an F-stop of 4.5 and an exposure time of '2 to 1 sec and a Vivitar 49 mm orange filter to block UV light. When negatives were required, Polaroid Land film, type 55, was used with an F-stop of 8 and an exposure time of 5 to 6 min. The natural fluorescence ofbilin chromophorecontaining polypeptides was greatly enhanced by spraying the gels with 50 to 100 mM ZnSO4. Gels were routinely photographed before and after spraying with ZnSO4.
Unstained and Coomassie brilliant blue-stained gels were photographed using Polaroid Land film, type 55, with an Fstop of 4.5 and an exposure time of 115 sec.
Fluorescence Intensity Measurements
The intensity of fluorescence bands on gels was measured indirectly. The black bands on transparent negatives, obtained when recording fluorescence of bands on gels with Polaroid, type 55 film, were scanned using a Zeineh Soft Laser Scanning Densitometer, model SL-DNA (Biomed Instruments, Inc.). Since both the fluorescence itself and the fluorescence as recorded on Polaroid film was found to be linear only within a small range of phycobiliprotein concentration, concentrations over which a linear response could be obtained were used (5-15 ,g (Fig. Id, lane 6 ). Figure  1 thus shows that a markedly enhanced red fluorescence emission results from the excitation of denatured phycobiliproteins at either 302 or 365 nm in the presence of zinc ions. This enhanced fluorescence in the presence ofZnSO4 is much greater than that observed for other types of tetrapyrrolecontaining proteins and photosynthetic pigments. It is due to the formation of complexes between the phycobilin tetrapyrroles and zinc ions (2) . The wavelengths of the fluorescence emitted are also distinctive.
Since Cyt c and hemoglobin show, at most, a weak enhancement of fluorescence in the presence of zinc upon excitation at 302 nm, a 302 nm transilluminator should be used to examine fluorescence of phycobiliproteins in the presence of other types of tetrapyrrole-proteins. In Figure 2 , the 302 nm transilluminator used had a lower fluorescence excitation intensity than that used for Figure 1 . When the gel depicted in Figure 2 (Fig. 2b) . The fluorescence was not enhanced in the presence of ZnSO4 (Fig. 2c) .
Hemoglobin (lane 2) did not fluoresce in the absence or presence of zinc ions (Fig. 2, b and c) . The phycobiliproteins appear to be much more sensitive to UV radiation at 302 nm in the presence of zinc ions (Fig. 1, b and d, lane 4; Fig. 2c,  lanes 4 and 5) .
Figures 2 and 3 depict typical analyses of the polypeptide profile of M. aeruginosa phycobilisomes on SDS-14% polyacrylamide gels. Figure 2 shows a gel that was overloaded with dissociated phycobilisomes while Figure 3 shows the polypeptide profile of a dilute sample. In Figure 2 , the PC and APC phycobiliproteins (lanes 4 and 5) can be seen on the unstained gel (Fig. 2a) as blue bands barely visible on the photograph. When the gel is placed on a 302 nm UV transilluminator (Fig. 2b) , fluorescence of the biliproteins is apparent (Fig. 2b,  lanes 4 and 5) . When a solution of 50 to 100 mM ZnSO4 is sprayed on the gel, the fluorescence of the phycobiliproteins is enhanced (Fig. 2c, lanes 4 and 5) . Similar results are obtained using a 365 nm transilluminator. When less concentrated dissociated phycobilisomes are electrophoresed, as in Figure 3 , APC a and f subunits can be distinguished by their red-violet fluorescence as opposed to the orange-red fluorescence of PC a and f subunits. Figure 2d shows the Coomassie brilliant blue-stained polypeptide bands. The gel was overloaded with dissociated phycobilisomes in order to reveal the presence of minor polypeptide bands. Lane 4 shows the electrophoretic pattern of unheated H20-dissociated phycobilisomes in Laemmli's sample buffer. Lane 5 shows the electrophoretic pattern for a phycobilisome sample that had been boiled for 5 min in Laemmli's sample buffer. Except for the 85 kD band, the number of minor polypeptide bands that are equivalent to fluorescent bands in Figure 2c varies from gel to gel. We find that freshly prepared dissociated phycobilisomes tend to have fewer minor polypeptide fluorescent bands than the same preparations after they have been frozen for several weeks, even though both are prepared for SDS-PAGE in the same way.
Accepting that the enhanced fluorescence in Figure 2c indicates the presence of phycobilin-containing polypeptides, the minor fluorescent bands in lane 4 of Figure 2c may be due to partially disaggregated phycobilisomes, aggregated phycobiliproteins, and/or chromophore-containing degradation products of the phycobilin-containing 85 kD polypeptide (9) . This is supported by several observations. (a) In Figure 1 , electrophoresis of purified PC (lane 4) reveals several fluorescent bands, in the presence of zinc ions, above the a and A PC subunits (Fig. 1, b and (9) showed the fluorescence of phycobiliprotein subunits and the anchor polypeptide on gels without commenting on the presence ofadditional fluorescent bands above the phycobiliprotein subunits not accounted for as anchor polypeptide degradation products. (c) We have observed that heating the dissociated phycobilisome samples prior to electrophoresis, which decreases aggregation, results in the loss of some fluorescent and Coomassie brilliant blue-stained bands as well as a decrease in both the fluorescence intensity and polypeptide concentration of equivalent bands (Fig. 2, c and d, lanes 4 and 5) .
Enhanced fluorescence with ZnSO4 indicates the presence of phycobiliproteins. Coomassie brilliant blue-stained bands represent all of the polypeptides present in the dissociated phycobilisome sample. Comparison ofthe Coomassie brilliant blue-stained bands with the fluorescent bands from the same gel shows which bands are not fluorescent, allowing us to distinguish colorless polypeptides from possible aggregated phycobiliproteins. Using this method to eliminate the artifacts mentioned above, five bands, in addition to the PC and APC subunits, are apparent (Fig. 2d, lanes 4 and 5) . The one at approximately 85 kD is fluorescent (Fig. 2c, lanes 4 and 5) and is therefore a phycobilin-containing polypeptide. It is assumed to be the anchor polypeptide analogous to that found in other cyanobacteria and red algae (3, 8, 11) . The other bands are colorless. They appear at approximately 34.5, 30, 27.5, and 10.5 kD. The amino terminus of the 10.5 kD polypeptide has been sequenced and is identical to the p3-PC amino terminus which suggests that it is a degradation product of,-PC (our unpublished data). A colorless 27.5 kD polypeptide is apparent in Figure 2 but is not present in all phycobilisomes preparations analyzed (e.g. Fig. 3 ). It may be an artifact, it may be readily degraded or itself a degradation product, or it may be present in small amounts or easily lost in our purification procedures. Further studies are necessary before assigning the 27.5 kD polypeptide any role in phycobilisome assembly.
The polypeptide profile ofdilute dissociated phycobilisomes is presented in Figure 3 . The 85 kD anchor polypeptide is barely visible on the Coomassie brilliant blue-stained gel (Fig.  3b) . It is more visible as a fluorescent band in the presence of ZnSO4 (Fig. 3a) Attempts were made to quantitate the enhancement of phycobiliprotein fluorescence by ZnSO4. The increase in fluorescence upon the addition of ZnSO4 was determined using negatives of photographs of fluorescent bands. Figure 4 shows densitometer scans of Polaroid negatives representing fluorescent bands of dissociated phycobilisomes on an SDS-14% polyacrylamide gel. Fluorescence emission in the presence of zinc ions is at least fourfold more intense (scan 2) than that recorded in the absence of zinc ions (scan 1). The correlation between the amount of silver grains deposited on the film and fluorescence was found to be linear only when low concentrations of fluorescent samples were used (as described in "Materials and Methods"). A 10 jg sample of dissociated phycobilisomes was used to obtain the fluorescent band measurements depicted in Figure 4 .
The total fluorescence emission intensity of denatured phycobilisomes in solution in the absence or presence of zinc ions is very small (our unpublished data) and may be due to the complete unfolding of the proteins (2, 5) . The enhanced fluorescence of the zinc-biliprotein complexes in polyacrylamide gels might be explained by the gel supplying a semirigid support of the complex. Biliverdins complexed with zinc were reported to become more rigid structurally (6) . DeKok (2) observed an increase in fluorescence when biliverdin dimethyl ester:zinc complexes were incorporated into rigid liposomes. The fluorescence was much greater than that observed for the bilin:zinc complex free in solution. The enhanced fluores- The results demonstrate that UV-induced fluorescence of denatured phycobiliproteins on SDS-polyacrylamide gels can be used to detect minor bilin-containing proteins. Spraying the gels with ZnSO4 markedly enhances the biliprotein fluorescence without affecting the fluorescence of other tetrapyrrole-type chromophores such as Chl and only weakly enhancing the fluorescence of the heme groups of cytochromes or hemoglobin. This has proven useful for isolating minor biliproteins from gels by allowing us to cut out bands showing enhanced fluorescence and has eliminated the need for protein staining to detect these bands.
Three minor polypeptides in addition to the phycobiliprotein subunits were routinely observed using the methods described. An 
